Furthermore we assessed the effect of decreasing sodium availability. Sodium was MgCl, 2.5 micromol l -1 KHCO 3 , 10 micromol l -1 CaCl 2 , 10 micromol l -1 , HEPES, and 1 2 0 micromol l -1 EDTA (Beltran et al., 1996) . Five sodium concentrations were used: 467 iodine to determine the effect of low sodium environments on survivorship. The effect of 2 5 the media on mortality was assessed through observation of mobility, muscle contraction,
and cilliary beating under a dissecting scope. al., 1997) and is expressed as femtomoles larvae -1 hour -1 :
3 0
(1)
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT 9 J in is the net influx of iodine (femtomoles individual -1 hour -1 ), Q larvae is the 1 radioactivity of larvae or eggs (cpm individual -1 ), X out is the specific activity of the 2 incubation water (cpm femtomole -1 I -) and t inc is the incubation time (hours).
3
Pharmacological results were analyzed using SPSS (IBM). The effects of various 4 inhibitors on iodine influx were analyzed using ANOVA with a Fisher's LSD post hoc 5 after an initial test for normal distribution using Shapiro-Wilk test for normality. This is 6 with the exception of DIDS, where a t-test was used. Regression analysis was conducted 7 on data testing the effect of KI concentration on influx rate. an e-value cut off at 1 e-04. These BLAST searches were carried out on the NCBI site Gallus gallus (Gg). For the full list of the 109 sequences used see Appendix A. These 2 0 sequences were then aligned in SeaView and a PhylMyl tree was created using an LG 2 1 matrix (Gouy et al., 2010) . 
RESULTS

4
Kinetics of iodide uptake in S. purpuratus
Incubation in 125 I-containing ASW demonstrated that larvae of S. purpuratus
acquire iodide directly from the environment in the absence of food (Fig. 1A) . When accumulation is linear) occurs within the first 10 minutes at this iodine concentration. We 3 0 also found that with increasing iodine concentration (100 nanomol l -1 to 1800 nanomol l significantly higher than at 4°C (Fig. 1C ). Across the range tested, pH had a non-1 0 significant effect on iodide influx (F 3,3 = 3.46, p>0.05).
1 1
There appears to be a significant effect of metamorphosis on iodine influx in sea 1 2 urchins (F 3,2 = 10.67, p<0.05; Fig. 1D ). There does not appear to be an effect of biofilm juveniles 10 days post-induction ( Fig. 1D) 1 8
Sodium-independent iodide uptake mechanisms 1 9 We found that the initial iodine influx rates of 6-arm stage larvae increase linearly Iodine incorporation at fertilization is inhibited by the addition of 100 micromol l the initial iodide influx in 6-arm stage larvae (F 3,3 = 6.88, p<0.01; Table 1 ).
7
In order to test the energy dependence of iodine uptake we exposed larvae at the anion channels in the uptake process we exposed 6-arm larvae to DIDS and found a 2 1 significant decrease in iodine influx (t 3 = 5.2, p<0.01, Table 1 ).
2
Sodium-dependent iodide uptake mechanisms 2 3
Decreasing sodium availability in the environment had no impact on iodine influx 2 4 in 6-arm stage larvae (F 4, 3 =2.12, p>0.05). Furthermore, larvae exposed to potassium
perchlorate, an inhibitor of NIS/AIT transport, did not experience any inhibition of iodine influx rate (F 3, 3 =1.163 p>0.05, Table 1 ). There was no permanent effect of exposure to 2 7
reduced sodium seawater on larval motility and survivorship (results not shown).
8
Phylogenetic analysis of the sodium/solute symporter family 5 2 9
Our phylogeny based on an Amino LG matrix determined that for the 109 Bootstrap value of 100% (Fig. 3A) . There was one Nematostella sequence outside of 1 these three major clades (Nv-XP_001621852.1) and it was not included in Fig deuterostome representatives of the SSSF5 (Fig. 3B ).
0
The vertebrate sequences found in Clade I.1 for a monophyletic group (99%
Bootstrap support). The sister group to the vertebrate clade is Ci I (100% Bootstrap sequences from Strongylocentrotus. Here we find in Sk/Sp I that a Saccoglossus proteins 1 7
groups with Sp I, a cluster of five sea urchin proteins. There is small cluster of proteins,
Bf/Sk/Sp, supported at the 98% Bootstrap level and contains two Branchiostoma, one Outside of Clade I.1, in the Na-Anion transporter-like proteins group, the non- representatives from all of the taxa under examination, with the exception of vertebrates,
supported by 96% Bootstrap. Sister to this is Dm II, a clade containing ten sequences from Drosophila (Appendix B). peroxide.
2
Initial iodide influx rates in sea urchin larvae suggest diffusion-based mechanism 1 3 for iodine accumulation. For example while average total inorganic iodine is 400-500 nanomol l -1 (Fuge and 1 7
Johnson, 1986), iodide in marine surface waters range from <62 nanomol l -1 near the 1 8 poles, to 230 nanomol l -1 in tropical and subtropical environments (Wong, 1991 the Pacific) before they become competent and settle into their adult habitat. In surface 2 5
water iodide occurs at approximately 78 nanomol l -1 (Tsunogai, 1971) . Since the larval 2 6 uptake capacity greatly exceeds the availability of unbound iodide, sea urchin larvae are 2 7
able to efficiently accumulate iodine regardless of its environmental availability. higher than would be present in the natural environment), the larval influx does not 1 plateau (Moren et al., 2008) . NIS seems to be involved in this process, however as only 2 half of the iodide uptake is inhibited by perchlorate, perchlorate-independent uptake concentration results in a >90% reduction in iodide uptake. While this is not an ultimate test of whether this process is active or passive, it is a good indicator of energy 2 8
dependence. Therefore, we conclude that although iodide uptake in sea urchin larvae is 2 9
largely through a transporter-independent mechanism it does appear to require ATP.
0
It is apparent that iodide influx is significantly higher post-metamorphosis and increases with depth (>200 m) (Truesdale, 1978) . Future studies tracing iodine in
larval and metamorphic stages may be useful in determining whether changes in iodine 1 2 metabolism can explain the differences in uptake rate.
3
Hydrogen peroxide affects iodide influx in sea urchin larvae
While NIS/AIT-dependent iodide uptake has been best characterized in the 1 5
vertebrate thyroid gland, it is not the only known mechanism responsible for iodine
uptake. Peroxide dependent diffusion (PDD) has recently been described in some detail 1 7
for both bacteria and macroalgae. In a marine Flavobacteriaceae bacteria strain (Amachi has been further shown that the peroxide released into the extracellular environment 2 2
originates from glucose oxidase activity in the cell membrane (Amachi et al., 2007) .
Our data strongly suggest that a peroxide-dependent mechanism is at least
partially involved in iodine uptake in sea urchin larvae. This conclusion is substantiated 2 5
by several experimental findings from our study. When larvae are exposed to peroxide and paraquat (a producer of intracellular peroxide), iodine accumulation increased 2 7 significantly. We were also able to demonstrate that iodine accumulation levels decrease The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT we propose a new model for iodine uptake in sea urchin embryos and larvae (Fig. 4) 2 0
suggesting that Udx1 may produce the peroxide essential for iodine accumulation.
1
In our model, the oxidation of iodide is essential to its ability to be taken up by by sea urchins, we hypothesize that such a compound could be hypoiodous acid (HIO) or proposed that HIO is the form that can enter the cells in Flavobacteriaceae (Amachi et uptake process.
0
The Journal of Experimental Biology -ACCEPTED AUTHOR MANUSCRIPT for the moon jelly (Aurelia aurita) is more relevant to the system we propose for sea iodide and tyrosine synergistically function as a non-enzymatic ROS defense system. machinery for this process, it is plausible that this mechanism is also employed in 2 4
antioxidant function. Furthermore, it is conceivable that these enzymes (e.g. Udx1) are 2 5 also used during later development for iodine uptake or in iodine metabolism such as the iodination of biological molecules.
7
Sea urchin iodide influx is not dependent on the sodium/iodide symporter or apical- Based on current evidence, understanding of sodium-dependent iodide uptake that both occur in the vertebrate thyroid gland. Of these mechanisms NIS is an active 1 transporter, whereas AIT is involved in the passive diffusion of iodide down its 2 concentration gradient (Eskandari et al., 1997; Lacroix et al., 2004) . Beyond this, no other 3 sodium-dependent iodine uptake mechanism has been characterized in plants or animals.
4
In order to test whether iodine accumulation in sea urchin larvae is NIS/AIT-dependent 5 we tested the effect of perchlorate, a competitive inhibitor of NIS and AIT on iodide 6 accumulation in sea urchin larvae. We also tested the effect of decreased sodium Perchlorate is a potent inhibitor of iodide transport into the thyroid gland in 1 0
vertebrates (Carrasco, 1993) . This inhibition is established by a competition between
iodide and perchlorate at a specific site of the NIS molecule (reviewed by Dohan and
Carrasco, 2003). Our data show that perchlorate has no effect on iodide influx in sea and is also unaffected by exogenous sodium concentration. When we examined, the 1 6 effect of reduced sodium on survivorship, we found that larvae stopped swimming after 1 7
2.5 minutes in the lowest sodium concentration, however, when they were transferred 1 8
back into normal-sodium seawater, they recovered. This indicates that while sodium 1 9
limitation does have an effect on larval physiology it was not lethal for the duration of the There are a few other examples of organisms that accumulate iodine in a way that uptake that is unaffected by perchlorate, but also thiourea (reviewed in Eales, 1997). In transitions (Spangenberg, 1974), iodine uptake is also unaffected by perchlorate 2 7
( Silverstone et al., 1978) . Considering the vast phylogenetic distance between bryozoans, 2 8
cnidarians and echinoderms, it appears that perchlorate-inhibited iodide uptake 2 9
mechanisms, namely NIS/AIT, are more the exception than the rule among animals as a 3 0 whole, and may be even vertebrate-specific. cluster from the Na-glucose and Na-myoinositol transporters (Wright and Turk, 2004) .
8
Our results, using a wider selection of taxonomic groups including vertebrate and 1 9
invertebrate sequences indicate that the diversification of Na-glucose transporter-like 2 0
proteins and Na-Anion transporter-like proteins from a putative ancestral transporter 2 1 occurred early in animal evolution.
2
With respect to the specific question addressed in this study, Clade I provides the related to NIS can be found outside of the vertebrates (Clade I.1, Clade I.2 and Dm II).
6
Therefore we conclude that the NIS pathway, used for iodine uptake, is likely a vertebrate 2 7
synapomorphy. These results contrast with the conclusions drawn by Paris et al. (2008) understanding of this process in a variety of organisms from different kingdoms.
1
Finally, it is worth noting that diffusion-based iodine uptake mechanisms may 1 2 also function in aquatic vertebrates, e.g. teleosts. As mentioned previously, Moren et al. 2008) found that when halibut larvae were exposed to perchlorate, only half of the iodine
influx was inhibited. Although PDD was never explicitly tested, it is conceivable that 1 5
NIS/AIT-independent mechanisms of iodine acquisition may be more prevalent in
vertebrates than originally assumed. Our data show that sea urchins, a representative non-chordate deuterostome utilize pharmacological evidence elucidating mechanisms of iodine uptake is largely missing 2 3 from these taxa. Future work should focus on these mechanisms in such taxa as this will 2 4 assist in our understanding of whether sodium dependent iodine uptake is a vertebrate or comparisons, suggests that this uptake mechanism is restricted to vertebrates. The authors would like to thank the staff of the Aqualab (Robert Frank and Matt University of Guelph undergraduate volunteers who assisted with culturing of the larvae. A.H. p<0.05 level between the two data points lying below the endpoints of each line). glucose transporter-like proteins, and Clade III-Na-Choline Transporter-like proteins. through the action of a peroxidase and is translocated into the larvae through a channel as 7 an oxidized form. 
